on behalf of the REGICOR and HERMES investigators ABSTRACT Background: Studies on obesity and glycemic index (GI) or glycemic load (GL) have had inconsistent results, perhaps in part because of underreporting or to heterogeneous dietary patterns across food cultures. Objectives: We examined associations between body mass index (BMI) and GI or GL in a Mediterranean population, accounting for underreporting. We also constructed dietary factors related to GI and GL to better understand food patterns related to these measures. Design: Cross-sectional data on 8195 Spanish adults aged 35-74 y were analyzed. A validated food-frequency questionnaire was used to estimate GI and GL, with glucose as the reference value. Reducedrank regression was used to construct dietary patterns that explained variation in GI and GL. Multivariate linear regression was used to estimate associations between BMI and GI, GL, and their respective diet factors with and without adjusting for energy, which may lie on the causal pathway between glycemic quality and obesity. Effects of excluding underreporters (ratio of energy intake:basal metabolic rate , 1.20) were examined. Results: Food patterns underlying high GI differed substantially from those of high GL, with fruits, vegetables, and legumes related positively to GL but negatively to GI. After excluding underreporters, GL was negatively associated with BMI, adjusting for energy. GI was not associated with BMI in any model. Conclusions: After adjusting for energy, GL was associated with reduced BMI in this Mediterranean population. Underreporting did not explain this inverse relation, which was observed among subjects with plausible intakes.
INTRODUCTION
It is hypothesized that habitual consumption of carbohydraterich foods, which promote a high glycemic (blood glucose) response, may increase the risk of obesity (1) (2) (3) . Few studies, however, have explored the relation between obesity and glycemic index (GI) or glycemic load (GL) in the usual diet, and results so far have been inconsistent. Cross-sectional studies on GI in relation to body mass index (BMI; in kg/m 2 ) or other measures of obesity have reported positive (4) (5) (6) , null (7) , and negative associations (8, 9) . Similarly for GL, which takes into account the amount and the quality of carbohydrate (GL ¼ GI 3 amount of available carbohydrate), studies have reported a mixture of positive (5, 6) , null (4, 7) , and negative (8, 9) associations with obesity. A longitudinal study also reported largely null associations between 6-y weight gain and dietary GI and GL, with the exception of a small positive association in sedentary women (10) .
Several factors have been suggested to explain these inconsistent results. One study suggests that underreporting of intakes may play a role: strong positive associations between BMI and dietary GI and GL were observed after excluding underreporters or adjusting for energy intakes (5) . Although they do not report accounting for underreporting, earlier studies also adjusted for energy (4, (6) (7) (8) (9) (10) (11) , and one study reported that a positive association between GL and BMI was completely attenuated, rather than strengthened, after this adjustment (7) . Moreover, because one of the proposed mechanisms linking dietary glycemic quality to obesity may involve prolonged satiety and reduced energy intakes, energy intakes may lie on the causal pathway, and it may be relevant to explore associations without energy adjustment in addition to those with energy adjustment (12) . Heterogeneous results may also be related to differences in the types of foods that contribute to high dietary GI or GL in different contexts (9) . In addition to refined cereal products and other starchy staples, certain fruits, vegetables, and legumes may make an important contribution to dietary GI and GL in some food cultures. To better understand the relation between dietary GI and GL and obesity, it may be important to examine the food intake patterns underlying high dietary GI and GL.
This analysis examines the relation between dietary GI and GL and BMI in a representative, population-based sample of men and women from the northern Mediterranean coast of Spain. In addition to estimating GI and GL in the habitual diet, we constructed dietary factors that explain variation in GI and GL to identify food patterns that underlie any relation between these measures of carbohydrate quality and BMI. We also examined the effect of adjusting for energy intake-with and without excluding energy intake underreporters-on these relations.
SUBJECTS AND METHODS

Study participants
Data were obtained from 2 population-based cross-sectional surveys conducted in Girona, Spain, in 2000 and 2005 (13) . The first survey included 3058 randomly selected, independently living men and women aged 25-74 y. The second survey included 6352 men and women between 35 and 80 y of age. Response rates for the 2 surveys were 71.0% and 71.5%, respectively. All participants from both surveys aged 35-74 y (n ¼ 8195) were included in the present analysis. After excluding subjects with extreme BMI values (.60 or ,18.5; 1.4%) or energy intakes (,800 or .4500 kcal; 5%), the sample size was 7670. The studies were approved by the Clinical Research Ethical Committee of the Municipal Institute of Health Care, Barcelona, Spain. Participants signed an informed consent, and results of the examination were sent to all participants.
Anthropometric data
Measurements were performed by a team of trained nurses and interviewers who used the same standard methods in the 2 surveys. A precision scale of easy calibration was used for weight measurement, with participants in underwear. Body weight was measured to the nearest 200 g, and height to the nearest 0.5 cm.
Dietary assessment
Dietary intakes were measured by a validated food-frequency questionnaire (14) which was administered by a trained interviewer. We collected usual intakes over the past year by a self-administered food-frequency questionnaire; participants indicated their usual consumption from a 165-item food and beverage list and chose one of 10 frequency categories that ranged from ''never or less than one time per month'' to ''!6 times per day.'' Intakes were converted to mean grams per day using standard reference portion sizes. GI for food and beverage items was estimated by using average values from Foster-Powell et al (15) , with glucose as the reference food. GI values were available for 56 items, including all carbohydrate-containing foods (ie, foods with !5 g carbohydrate per 100 g or 100 mL). The average daily dietary GI was calculated by multiplying the GI of individual foods by the percentage of total energy contributed by carbohydrate f P [GI food item 3 (grams carbohydrate per serving food item 3 servings consumed per day O grams carbohydrate consumed per day)]g (16, 17) . Dietary GL was calculated by multiplying the daily GI by the amount of carbohydrate consumed and dividing the product by 100 [(daily GI 3 grams carbohydrate consumed per day) O 100].
Measurement of nondietary variables
Information on demographic and socioeconomic variables, medical history, and lifestyle factors, including tobacco smoking and alcohol consumption, was obtained through structured standard questionnaires administered by trained personnel. Leisuretime physical activity was measured by using the Minnesota Leisure Time Physical Activity Questionnaire, which was also administered by a trained interviewer. This questionnaire has been validated for Spanish men and women (18, 19) . Basal metabolic rate was estimated from equations based on sex, age, body weight, and height (20) . The cutoff used to identify energy intake underreporters was an energy intake:basal metabolic rate ratio of ,1.20, which is consistent with recommended cutoffs in the literature (21) . Subjects with energy intake:basal metabolic rate ratios !1.20 were classified as plausible reporters.
Statistical analyses
Reduced-rank regression (RRR) was used to extract dietary patterns associated with higher mean dietary GI or GL (22) . RRR differs from principal components-based factor analysis methods in that dietary patterns are derived on the basis of their ability to explain variation in specific nutrients or other dietary factors of interest. RRR was used to identify linear functions of foods and food groups that explain as much variation in dietary GI and GL as possible. A detailed description of this method is provided elsewhere (22) . RRR analysis was conducted using the partial least-squares option in SAS (PROCPLS, SAS version 9.1; SAS Institute Inc, Cary, NC). Nineteen foods and food groups were included as predictors of consuming high GI or GL diets. Factor loadings, which indicate the magnitude and direction of contributions of each item to the diet pattern scores, are presented, and the proportion of variance explained by items with the highest loadings are described in the text.
Characteristics of the study population associated with dietary glycemic quality were assessed by comparing means (continuous variables) or proportions (categorical variables) across tertiles of GI and GL. The significance of age-adjusted linear trends across GI or GL tertiles was assessed by including GL or GI tertiles as ordinal variables in linear (for continuous variables) or logistic (for categorical variables) regression models, which were adjusted for age. Separate linear regression models were run to examine the relation between BMI and each measure of dietary carbohydrate quality: GI, GL, GI dietary factor, and GL dietary factor. Because associations with BMI were not always linear, dummy variables (GI or GL tertiles) were used in these models. Associations were considered significant at P , 0.05. After examining crude associations, we examined the effect of adjusting for leisure-time physical activity, education level, cigarette smoking, alcohol consumption, fiber intakes, and underreporting, with subsequent adjustments for energy. All analyses were conducted separately in men and women.
On the basis of previous reports (5), interactions between underreporting (yes or no) and tertiles of GI, GL, and their respective dietary patterns were examined. Because significant (P , 0.001) interactions were found with dietary GL and the GL factor score in both sexes, models for dietary GL and GL factor were stratified by underreporting status. Among underreporter women, the upper 2 tertiles of GL variables were combined in these analyses because there were only 3 women in the top tertiles after stratifying by underreporting status. We also explored interactions between each measure of carbohydrate quality and physical activity (measured as continuous metabolic equivalents); none was significant (P . 0.10). In supplementary models, we confirmed that associations between BMI and dietary GI or the GI factor were similar when excluding, rather than adjusting for, underreporting (data not shown). We also confirmed that results were similar for all measures of carbohydrate quality after excluding subjects with diabetes (n ¼ 853) who may have changed their diets as a result of their disease status, and after excluding those with impaired fasting glucose (100-125 mg/dL; n ¼ 2249) who may experience differential effects of high GL diets (23) (data not shown). Finally, we confirmed that consistent results were observed across different age, physical activity, and Mediterranean diet score strata (data not shown). All analyses were conducted using SAS (version 9.1; SAS Institute Inc).
RESULTS
Characteristics of the sample by dietary GI tertile are described in Table 1 . A small decline in mean BMI is seen across tertiles of GI in women only (P ¼ 0.028). Subjects with higher GI diets also had higher energy intakes, had lower dietary fiber intakes, and were less physically active (P , 0.05 for all variables except physical activity in men, P ¼ 0.276). Habitual consumption of a high GL diet was associated with lower mean BMI in men and women ( Table 2 ; P ¼ 0.001 for men, P , 0.001 for women). Similar to GI, dietary GL was also associated with higher energy intakes (P , 0.05 for both variables). In contrast to GI, however, dietary GL was associated with higher rather than lower intakes of dietary fiber (P , 0.001 for both sexes) and with higher rather than lower levels of leisure-time physical activity (P ¼ 0.001 for men, P ¼ 0.015 for women, for both variables).
Factor loadings for the main food group contributors to the RRR-derived GI and GL dietary patterns in men and women are shown in Table 3 . Refined bread had the highest loadings for both factors; this item also explained 45.0-67.1% of variance in scores across the different patterns in men and women. French fries and soft drinks also had large positive loadings for both factors but explained a smaller proportion of variance (4.6-7.5% for French fries; 2.5-6.7% for soft drinks). There were marked differences, however, in the relation between the GI and the GL factor for other foods. Fruits, which had the second highest positive loadings for the GL factor, had large negative loadings for the GI factor. Fruit intakes also explained a higher proportion of variance in GL (16.8% and 23.8% in men and women, respectively) than in GI scores (11.0% and 12.0% in men and women, respectively). Similarly, fruit juices (2.3-6.3% of variance in scores), vegetables (2.3-4.6%), legumes (2.7-6.5%), and dairy products (3.1-16.0%) had large positive loadings for the GL pattern but large negative loadings for the GI pattern. Pastries (10.8% of variance in women and 13.8% in men) were positively related to dietary GL only, whereas intakes of whole-grain breads (2.9% of variance in men, 3.9% in women) were negatively related to GI only.
Multivariate-adjusted relations between BMI and dietary GI and the GI factor are shown in Table 4 . Associations between dietary GI and BMI were weak and nonsignificant (P . 0.10) before and after adjusting for energy intakes. The exclusion of underreporters had little effect on associations [in men, energyadjusted b was 0.114 (95% CI: 0.232, 0.461) for GI tertile 2 and was 0.080 (95% CI: 20.429, 0.269) for GI tertile 3; similar For the GI factor, associations were also largely weak and nonsignificant, with the exception of a significant decrease in mean BMI among women in the second (multivariate-adjusted P ¼ 0.011 with or without energy intakes) but not the third tertile (P ¼ 0.268) compared with women in the lowest tertile.
To take into account interactions with underreporting (interaction P , 0.001 for both sexes), associations between BMI and measures of GL were stratified by underreporting ( Table 5) . Among plausible reporters, multivariate-adjusted associations between BMI and dietary GL and the GL factor were null before adjusting for energy (P . 0.05 for both sexes). After adjusting for energy, however, dietary GL and the GL factor were associated with significant (P , 0.05) declines in BMI. The adjusted mean difference in BMI between the highest and lowest GL tertile was 20.71 kg/m 2 (P , 0.05) for women and 20.43 kg/m 2 (P , 0.10) for men; for the GL factor, these differences were 20.76 kg/m 2 (P , 0.05) for women and 20.52 kg/m 2 (P , 0.05) for men.
In contrast, among underreporters, there was a positive relation between BMI and high dietary GL (P , 0.002 for men, P ¼ 0.178 for women) and the GL factor (P , 0.001 for men, P ¼ 0.025 for women) in models excluding energy intakes. After adjusting for energy intakes, these associations were substantially attenuated. Indeed, associations with dietary GL became null or inverse after adjusting for energy. For the GL factor, however, the adjusted mean difference BMI remained positive and significant among underreporter men in the top compared with the bottom GL tertile after adjusting for energy (adjusted mean difference: 1.71 kg/m 2 , P ¼ 0.019). Associations among women were null, perhaps as a consequence of small cell size (n ¼ 63 underreporter women in the second or third GL tertile).
DISCUSSION
To our knowledge, this is the first epidemiologic study on dietary glycemic quality and BMI conducted in a Mediterranean population. In this population of Spanish adults, dietary GI was not associated with BMI in the sample as a whole or after excluding underreporters. There was no meaningful effect of adjusting for energy intakes on associations with GI. In contrast, dietary GL, which takes into account the amount and the quality of carbohydrate, was negatively associated with BMI among subjects with plausible intakes in energy-adjusted models. When energy intake adjustment was excluded, the associations between dietary GL and BMI were null among subjects who reported plausible levels of energy intake.
To better understand the intake patterns underlying these associations, we used RRR to construct dietary pattern factor scores related to variability in GI and GL. Consistent with findings for GI and GL, after energy adjustment the GL factor was negatively associated with BMI among subjects with plausible intakes, with null associations for the GI factor. More important, the factor loadings illustrated important differences in the food intakes that characterized subjects with high GL compared with those with high GI diets. Although some foods-including refined bread and French fries-had similar positive loadings for both factors, fruits, vegetables, and legumes had large positive loadings for the GL factor but large negative loadings for the GI factor. Similar patterns related to GI and GL have been reported elsewhere (24) (25) (26) . Moreover, the inverse energy-adjusted associations between BMI and dietary GL, but not GI, are consistent with higher intakes of the foods with discrepant loadings that tend to be high in fiber and low in energy density (27, 28) .
Contrary to our findings, it has generally been postulated that there may be a positive relation between glycemic quality of diet and obesity (1) (2) (3) 29) . Numerous previous epidemiologic studies on dietary GL, however, are consistent with negative or null associations with BMI in adults. Inverse associations between energy-adjusted dietary GL and BMI, waist circumference, or waist:hip ratio have been reported in recent studies (9, 30) and in previously reviewed descriptive data from 6 of 8 large cohort studies that focused on other outcomes; none suggested a positive relation (8) . Studies focused specifically on obesity have reported predominantly null associations between GL and BMI (4, 11) or weight gain (10); one study reported a weak positive association that was completely attenuated after adjusting for energy (7) . Similarly, results are heterogeneous for dietary GI, with slightly more reports of null or negative (7-10) than of positive (4-6) relations. Indeed, when our survey samples were examined separately, the weak negative association between GI and BMI reached significance in the later survey (b ¼ 20.315; 95% CI: 20.608, 20.021) for GI tertile 3], with a null association in the earlier sample (b ¼ 0.070; 95% CI: 20.379, 0.520) in models that included energy. Although reasons for this difference are unclear, neither sample suggests a positive or strong relation between GI and BMI. For dietary GL, significant negative associations with BMI were found in both samples (data not shown).
Positive associations between BMI and dietary GL have been reported after adjustment in models including energy intakes in at least 2 previous studies (5, 6) . In one of these, a Danish study, initially negative associations became positive after adjusting for energy intakes or limiting the sample to plausible reporters (5). In contrast, in our analysis initially null associations among plausible reporters became negative after adjusting for energy intakes. Reasons for these disparate results are uncertain. One possibility may be heterogeneity in intake patterns underlying dietary GL (9), such as the relatively higher intakes of fruits, vegetables, and legumes in this Mediterranean population (combined intakes of fruits and vegetables of 679 g and 801 g in men and women, respectively) compared with the Danish sample (mean intakes of 182 g and 302 g in men and women, respectively) (31) . Other previous epidemiologic studies on dietary glycemic quality and obesity have been conducted in the United States, the United Kingdom, Japan, and western Europe, settings where intakes of these foods and likely their contribution to dietary GL is generally lower than in the Mediterranean region (32) . Despite possible heterogeneity in underlying intakes, however, mean 6 SD dietary GI in women and men (56.2 6 5.7 and 59.2 6 6.3, respectively) and dietary GL (116.7 6 44.5 and 125.7 6 48.1, respectively) in our sample were similar to values reported in other studies conducted in diverse settings with glucose as the reference standard [eg, GI of 58.0 6 4.0 and GL of 128.3 6 55.9 (7); GI of 55.8 6 4.0 in women and 56.8 6 4.2 in men and GL of 118.3 6 49.6 in women and 145.2 6 61.3 in men (11) ; and GI of 65.1 6 4.3 (6)]. Another possible contributor to heterogeneous results may be population differences in insulin metabolism: a recent trial in obese adults suggested that low GL diets may promote weight loss in insulin-sensitive subjects only (23) . Excluding subjects with impaired fasting glucose who may have reduced insulin sensitivity, however, had no meaningful effect (data not shown).
Mechanisms through which higher GI or GL is hypothesized to increase obesity risk are related to hyperinsulinemia, which may promote reduced fat oxidation and greater carbohydrate oxidation, potentially leading to greater storage of fat (1, 3) , although evidence that these metabolic changes occur is equivocal (33, 34) . Others have suggested that an important mechanism may involve reduced blood glucose fluctuations, leading to prolonged satiety and lower energy intakes, which suggests that energy adjustment may eliminate associations with GI or GL (1) (2) (3) 12) . A recent meta-analysis that shows that dietary GL is associated with weight loss only in trials with no or limited control of energy intakes is consistent with mechanisms involving reduced energy intakes (35) . Nonetheless, in models that excluded adjustment for energy intakes, dietary GL or GI was not associated with higher BMI despite being associated with higher energy intakes. In energy-adjusted relations, which were examined because it has been argued that energy adjustment is necessary to approximate isocaloric replacement of other types of macronutrients (5), dietary GL and the GL dietary factor were associated with lower BMI.
An important limitation of this study is its cross-sectional nature: we were unable to assess associations with weight change, for which there are limited data (10) . Results of weight loss trials to date have been heterogeneous (35) , including several conducted in Mediterranean countries (36) (37) (38) . Beneficial effects reported in one trial appeared largely attributable to lower energy and higher fiber intakes in the low-GI group (38) . We were also unable to assess associations with central fatness or direct measures of adiposity because these data were not available. One previous study reported negative associations between GL and visceral abdominal fat in men despite null associations with BMI (11). Nonetheless, this study has several important strengths, including the fact that it analyzed a large population-based sample with measured anthropometry, and possible effects of energy underreporting were taken into account.
In conclusion, despite evidence of benefits for other outcomes (35, 39) , our results do not support the hypothesis that high GI or 1 Plausible reporters were defined as subjects with energy intake:basal metabolic rate ratio !1.2; underreporters were defined as subjects with energy intake:basal metabolic rate ratio ,1.2.
2 Model 1 shows results of multivariate linear regression adjusted for age, leisure-time physical activity, educational level, smoking, alcohol consumption, and dietary fiber.
3 Model 2 shows results adjusted for variables in model 1 in addition to energy intakes. 4 First tertile ¼ referent.
GL is positively related to obesity. Rather, they suggest that in a Mediterranean food culture context, a diet characterized by higher GL may be associated with lower BMI. Underreporting did not explain the inverse energy-adjusted relation between dietary GL and BMI, which was observed in subjects with plausible energy intakes. Further research in other populations with different intake patterns, using longitudinal data on weight change, is needed to elucidate any independent effects of dietary GL or GI on obesity.
